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Climate change is driving shifts in species' distribution and phenology. Studies have evaluated how well ecological traits, such as mobility or reproductive mode, explain variation in observed rates of shift. However, these estimates could also be influenced by methodological attributes. We compiled a global dataset of marine species' distribution (n=359) and phenology (n=125) responses to climate change to assess the relative importance of ecological traits and methods in measurements of change. We found methodological attributes explained 42% of the variation in range shifts compared to 53% that could be attributed to ecological traits. For ecological traits, we found strong variation in the magnitude of distribution change among taxa, that changes were greater for pelagic and demersal (vs coastal) species, and greater for studies measuring populations at range centres and leading (rather than trailing) edges. For methodological traits, greater range shifts were observed when single occurrences were used to define range shifts (rather than abundances or multiple occurrences over a large portion of a range boundary), and for time series with lower than annual frequency. For phenology, different taxa clearly had different rates, but no ecological traits were important for explaining this variation, whereas methodological attributes were Global Change Biology F o r R e v i e w O n l y significant although they accounted for only 13% of observed variation. Studies in which other potential drivers of phenology were considered, such as fishing pressure, documented faster changes in timing. Finally, we found indications of publication bias in phenology studies, with those having fewer species more likely to report stronger advancement. Our analyses indicate that methodological attributes should be explicitly considered when designing, analysing and comparing results among studies. We provide recommendations for the most appropriate metrics and analyses for measuring the response of organisms to climate change. Climate change is driving shifts in species' distribution and phenology. Studies have 46 evaluated how well ecological traits, such as mobility or reproductive mode, explain variation 47 in observed rates of shift. However, these estimates could also be influenced by 48 methodological attributes. We compiled a global dataset of marine species' distribution 49 (n=359) and phenology (n=125) responses to climate change to assess the relative importance 50 of ecological traits and methods in measurements of change. We found methodological 51 attributes explained 42% of the variation in range shifts compared to 53% that could be 52 attributed to ecological traits. For ecological traits, we found strong variation in the magnitude 53 of distribution change among taxa, that changes were greater for pelagic and demersal (vs 54 coastal) species, and greater for studies measuring populations at range centres and leading 55 (rather than trailing) edges. For methodological traits, greater range shifts were observed 56 when single occurrences were used to define range shifts (rather than abundances or multiple 57 occurrences over a large portion of a range boundary), and for time series with lower than 58 annual frequency. For phenology, different taxa clearly had different rates, but no ecological 59 traits were important for explaining this variation, whereas methodological attributes were 60 significant although they accounted for only 13% of observed variation. Studies in which 61 other potential drivers of phenology were considered, such as fishing pressure, documented 62 faster changes in timing. Finally, we found indications of publication bias in phenology 63 studies, with those having fewer species more likely to report stronger advancement. Our 64
analyses indicate that methodological attributes should be explicitly considered when 65 designing, analysing and comparing results among studies. We provide recommendations for 66 the most appropriate metrics and analyses for measuring the response of organisms to climate 67 Here we examine potential causes of variability in marine species distribution and phenology 129 responses to climate change using a meta-analysis. We control for biological traits of the 130 study organism, the study design and measurement types in analysis. This enables us to 131 examine how study differences may bias measured rates of change and affect inferences about 132 the biological drivers of change. After identifying key variables that modify rates of change, 133
change. 68 69
we then investigate the variation in what different studies are measuring. 134
Methods 135

Database 136
We analysed the database of peer-reviewed studies of observed impacts of climate change on 137 marine organisms compiled by Poloczanska et al. (2013) . Analyses were restricted to a subset 138 of studies where rates of range change in phenology or distribution were reported or could be 139
calculated. 140
Three criteria were applied for inclusion of peer-reviewed studies in the database: (1 Inclusion of all peer-reviewed studies resulted in some pseudo-replication of observations. 151
Multiple studies may analyse the same dataset, or multiple metrics of change can be reported 152 for a single species in a region. In such cases, only the most recent study for a given data-set 153 was included in the main database. Pseudo-replicated observations were removed from the 154 database, using a decision tree based on data and analysis quality (Poloczanska et al., 2013) . 
Analysis of rates of change 158
First, we summarize measurements of distribution and phenology change by type of metric, 159 taxon, and how they were measured. We then conducted analyses to examine how rates of Analysis of rates of change tested predictor variables that were selected based on available 167 data. Predictors were divided into two categories: measurement types and biological traits. rates of change, because intervening fluctuations are ignored. We considered the number of 172 species in a study; studies with more species were expected to have lower rates of change 173 because they are less likely to be influenced as strongly by publication bias (Parmesan, 2007) . 174
We also considered whether non-climatic drivers of change were accounted for in the study. 175
We expect slower rates of change in studies with non-climatic drivers because confounding 176 influences on the response could explain some of the observed variation. For distribution, we 177 considered whether rates were generated from abundance (or relative abundance) metrics or 178 from data on species occurrence at sites. Occurrence-based data were expected to have higher 179
rates of change because they are more susceptible to the outlying influences of a single 180 individual. Similarly for phenology, we considered whether the magnitude of change in 181 timing was related to whether the measure was an abundance metric, or the timing of the most 182 extreme individual (e.g. first or last arrival -the temporal analogue of single sightings on a 183 range edge). Extreme timings were expected to have higher rates of change. 184
For biological traits we considered whether life-history development type (direct, 185 meroplanktonic, planktonic), the depth range of the organism, exploitation status, and the 186 mean latitude of the observations for a species could influence the rates of change measured. 187
Additionally, for distribution we considered whether the measurement was made for a leading 188 Following the analysis, we examine in more detail how the inferences drawn from analysis of 221 the database may be influenced by the available studies. Specifically, we plot the frequency of 222 measurement for the variables that were significant predictors of distribution and phenology 223 change by taxa. 224
Results 225
Gaps in observations of distribution and phenology 226
Published studies had some biases in their attributes (Fig. 1) . Most studies had more than one 227 species, although very few studies analysed >10 species (Fig. 1a) . Occurrence-based 228 measures of distribution were slightly more common than abundance-based measures (Fig.  229   1b) . For phenology, abundance-based measures were more common than measurements of 230 extreme individuals (Fig 1b) . A large number of distribution records compared two points in 231 time, whereas most phenology records used continuous time series (Fig. 1c) . Both distribution 232 and phenology records tended to be at mid-to-high latitudes, with phenology records, in 233 particular, biased towards the northern hemisphere and a remarkable paucity of observation 234 for tropical species (Fig. 1d) . There was considerable bias in taxon representation. There were 235 a large number of distribution records for bony fish and benthic algae (Fig. 1e) , whereas most 236 phenology records were for seabirds and plankton, which were poorly represented in 237 distribution records. Most benthic taxa had distribution observations, but few phenology 238 observations. Measurements of phenology tended to be made in spring and summer, but 239 rarely in autumn or winter (Fig. 1f) . 240 Fig 2) . Measurements made using irregular time-series or those 243 that were calculated by comparing two points in time tended to be faster than continuous 244 time-series. Occurrence-based measures of distribution change were also faster than 245 abundance-based measures. Leading edges and range centres moved faster than trailing edges, 246 and demersal and pelagic species moved faster than coastal species (intertidal species and 247 seabirds). When these effects were accounted for, the model indicated that phytoplankton had 248 the fastest rate of change, whereas benthic cnidarians and benthic molluscs had the slowest 249 rates of change (Fig. 2) . Overall, methodological variables accounted for 42% of the variation 250 in rates of change, whereas ecological variables accounted for 53%. 251
Effects of ecological traits and methodological attributes on distribution rates of change 241
Effects of ecological traits and methodological attributes on phenology rates of change 252
The rate of phenology change was affected significantly by two factors (Table 1, Fig 3) . 253
Studies that included fewer species were more likely to report earlier timings, suggesting a 254 slight publication bias, although the effect size was small. However, counter to our 255 expectations, studies that considered non-climatic factors estimated faster rates of change than 256 studies that did not. Overall the effects of the fixed effects were small compared to the effect 257 of taxa on rates of change. Larval bony fish were most likely to be moving to earlier timings, 258 whereas, seabirds had slow timings or were likely to be moving later. Overall, the two 259 methodological variables accounted for 13% of the variation in rates of change. 260
Differences in how responses are measured across taxa 261
For the factors that were significant in the analyses of rates of change, we now examine how 262 fish studies, which typically use nets to sample species in fisheries surveys (Fig. 4) . 269
Occurrence-based measures were predominant in other taxa. Fishery surveys also had many 270 more continuous time-series (that tended to underestimate range change), rather than 271 comparisons of two points in time. In particular, benthic molluscs, cnidarians, algae and other 272 invertebrates had no continuous time-series. Fish studies also tended to focus the centres of 273 distribution, rather than the edges. 274
For phenology, a few taxa tended to have multi-species studies, whereas studies of other taxa 275 focussed on single or just a few species (that tended to show greater change, Fig. 5 ). Studies 276 with numerous species came from phytoplankton and zooplankton studies, predominantly the 277
Continuous Plankton Recorder survey in the North Atlantic. Studies for seabirds and bony 278 fish had fewer species than for plankton, although most observation came from studies of 279 more than one species. 280 Very few observations came from studies that considered non-climatic factors in their 281 analyses (Fig. 5) . Observations that come from studies that considered multiple factors were 282 mostly for seabirds, but there was also a small proportion for phytoplankton and benthic 283 crustaceans. 284
Discussion and recommendations 285
We found that variation in methodological approaches explained 42% of the variation in 286 range shifts compared to 53% attributed to ecological traits. For phenology, variation in 287 methodological explained only 13% of observed variation, but there no important ecological 288
traits. 289
The methodology used to standardize studies for meta-analyses can have considerable effects Rather than excluding studies, we used linear models to standardise for 294 differences in approaches across studies. By including studies that used different methods to 295 measure change, we have quantified the size and direction of methodological effects on 296
estimates of distribution and phenology responses to climate change. Below we discuss the 297 implications of differences in study design and biological traits on estimated rates of change. 298
Study design 299
We found studies comparing two points in time or using irregularly sampled time-series 300 measured greater rates of change than studies using continuous time-series. Continuous time-301 series should quantify rates of change more accurately than infrequent sampling, because 302 infrequent samples confound short-term variability with long-term trends (Brown et al. 2011) . 303
Further, range shifts in response to climate change can be confounded by inconsistent 304 sampling effort when a species is unlikely to be detected at every sampling event (Bates et al., 305 2015). Studies in our database that had infrequent sampling often resurveyed sites that were 306 sampled historically, so our result may also suggest some publication and study-site selection 307 bias towards places where ecological change has been greatest. with the mandate that data generated using public funds must be made available, may lead to 316 . We did not find this publication bias effect in distribution studies, 338 but we did find that multi-species studies of phenology tended to have slightly slower rates of 339 change. Publication bias may be less prevalent in marine than terrestrial studies because 340 
fish and plankton) by nets (Richardson et al., 2012). 342
We found that inclusion of non-climatic factors in the analysis increased the estimated rates of 343 phenology change, but had no effect on rates of distribution change. Phenology is sensitive to 344 multiple human impacts, and it may be that in the studies analysed here, those impacts are 
Biological traits 354
We found that pelagic and demersal species tended to move faster than coastal species. 355
Coastal species such as kelps and rocky shore invertebrates may be less able to track warming 356 because their distributions are restricted to the coast, and hence subject to biogeographic 357 barriers to simple latitudinal shifts, and their habitat requirements largely rule out depth shifts 358 (Broitman et al., 2008) . Thus, the taxa effects in our mixed model were similar to previous 359 analyses which did not account for multiple factors (Poloczanska et al., 2013) . 360
We found that leading edges and centres of ranges moved at similar rates, and both were 361 faster than trailing edges. This result is similar to that found for European butterflies, in which 362 leading edges were more than three times as likely to have responded to regional climate 363 warming than were trailing edges (Parmesan et al 1999). However, it contrasts with previous 364 studies that found range centres moved at rates intermediate to leading and trailing edges 365 ., 2013) . In the analysis here, the type of measure was included as a co-366 variate. Occurrence based measurements were generally faster than abundance based-367 measurements, and there was a bias towards occurrence based measurements at range edges 368 and abundance based measurements at range centres. Therefore, if measurement type is not 369 accounted for, range edges appear to move significantly faster than range centres. 370
Gaps in climate change ecology studies 371
Our analyses revealed that many gaps remain in our understanding of distribution and 372 phenology responses to climate change. Gaps are a consequence of not only geographical 373 biases in sampling effort, but also of how different taxa are studied. In particular a strong 374 geographic bias exists towards temperate regions, where data-collection efforts have 375 historically been the greatest. Tropical regions, grossly underrepresented in current studies 376 surface, implying that the current paucity of studies of distribution and phenology shifts in the 381 tropics affects our capacity to extrapolate available data to global rates. Global rates of 382 distribution change estimated here are therefore likely lower than those that would be inferred 383 if the studies were randomly distributed across latitudes. 384
There were few long-term phenology studies in the tropics. While seasonality in temperature 385 is weaker in the tropics, warming can still drive temporal changes in species abundance, for 386 instance blooms of dangerous jellyfish (Jacups, 2010). In addition to warming, tropical 387 seasonality is also driven by precipitation (Chambers et al., 2013 , van Schaik et al., 1993 . 388
For instance, the timing of juvenile prawn migrations from rivers to the ocean is related to 389 cumulative rainfall in tropical river basins (Staples & Vance, 1986 There was systematic variation in types of observations across taxa, which suggests that we 394 have major gaps in our understanding of climate impacts. For instance, seabird studies that 395 measured changes in phenology with climate change were common, whereas there were no 396 seabird studies of distribution that met the criteria for inclusion in our database. This is likely 397 to be because seabirds are most easily sampled at breeding colonies where there have been 398 long-standing monitoring programs (e.g. Barbraud & Weimerskirch, 2006) , rather than 399 during their extensive foraging forays. In the future, the extensive and ongoing tracking 400 information collected using satellite tags should provide long-term information on distribution 401 shifts in feeding distributions, and potentially on shifts in breeding sites. In contrast to seabird 402 studies, studies of fish distribution were common, and studies of fish phenology uncommon. 403
Fish studies in the database often used fisheries data-sets for analyzing climate patterns. 404 to give context for an observed rate of change being faster or slower than typical, and to 439 speculate about the ecological or environmental drivers of a difference. However, differences 440 will also be strongly influenced by measurement biases. Where possible, qualitative 441 comparisons should be made with similar metrics used to measure observed change. For 442 instance measurements of distribution based on occurrence at sites should not be compared 443 with measurements based on abundance averages, which are typically slower. As the number 444 of climate studies grows, it will become easier to compare studies that use similar methods. 445 Removing studies from analysis to standardise measurement differences also reduces the 454 power to detect real biological effects, and should be avoided where possible. 455
(4) Design of new studies 456
Numerous time-series are currently being started, with the aim of monitoring effects of 457 climate change (e.g. Robinson et al., 2015) . Our findings provide some advice on designing 458 sampling protocols. The ecological states the time-series aim to monitor should be explicitly 459 defined and a protocol designed to address these processes. A study that seeks to monitor 460 invasion of pest species may focus on monitoring for occurrences, to obtain early warnings of 461 ranges shifts. In contrast, a study that aims to detect ecologically significant change should 462 focus on abundance monitoring. 463 When designing a study, abundance-based measures therefore offer more explanatory power 464 because they can be used to measure both colonisation and establishment. Further, 465 abundance-based measures will be less influenced by extreme occurrences of individuals, so 466 may be a more robust measure of change (Brown et al., 2011) . However, there may be trade-467 offs in sampling effort that warrant consideration. Occurrences are cheaper to measure than 468 abundances, so occurrence surveys may often cover larger areas than abundance-based 469 surveys. Further, occurrence-based measures are easier to obtain from non-experts, such as 470 through citizen science programs or from observations from fishers (Robinson et al., 2015) . 471
Occurrence-based measures could therefore provide a more useful early warning of invasion 472 of new species, but do not necessarily indicate establishment of a new population. 473
A common approach to detecting climate change impacts is to resurvey sites that had 474 historical measurements of climate change. Such resurveys are important to fill data gaps, yet 475 our results suggest some selection bias for sites with greater change, at least for distribution 476 studies. It is important that resurvey sights are selected randomly (or comprehensively) to 477 provide a less biased global view of climate change impacts, for instance by systematically 478 sampling across a species' entire range. 479
Large gaps remain in our knowledge of climate change responses in both terrestrial and 480 marine systems. Key amongst these is that there is 3 times as much information on changes in 481 distribution than phenology in the ocean, whereas on land there is 100 times more information 482 on phenology than on distribution change (Rosenzweig et al., 2008 
